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INTRODUCTION. 
Environment plays  a  most  important  part  in  the  immunological 
reaction  of  agglutination.  Studies  are  being  undertaken  to  deter- 
mine  the  relationship  of  this  factor  to  the  optimum  effectiveness 
of  the  test.  The  general  principles  underlying  this  relationship, 
and the mode of attacking the problem have been set forth in a  pre- 
vious paper  (1). 
With  a  view  to  a  better understanding  of the  mechanism  of the 
reaction, it was deemed advisable to study the nature of the changes 
in electrical charge on the bacteria, which accompany the phenomenon 
of specific bacterial agglutination. 
This aspect of agglutination has been studied by  many investigators.  Bechhold 
(2) observed that sensitized bacteria lost their power to migrate in an electrical 
field, that is lost their charge; his experiments were conducted by the macroscopic 
cataphorefic method, which  is not wholly satisfactory, and  the importance of 
salt  effects was  given insufficient  consideration.  Nelsser and  Friedemann  (3) 
made similar assertions.  Recently, Northrop and De Kruif (4-7)  in their very 
careful study of the stability of bacteria in suspension  have investigated these 
effects in detail and have contributed much to an understanding of both specific 
and non-specific  agglutination.  Before considering our experimental results,  it 
would be well to review briefly the conception of bacterial agglutination which they 
have formulated. 
According  to these writers, agglutination may be considered  in terms of two 
antagonistic forces, a repelling force which keeps the bacteria apart, due to like 
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charge on the bacteria, and a cohesive or sticking force, which is probably a function 
of surface tension.  In any bacterial suspension these forces may be thought  of as 
opposed to each other; greater relative repelling force making for stability, and 
greater relative cohesive force leading to flocculation.  They have shown,  in the 
case of both unsensitized and sensitized bacteria, that agglutination takes place 
as soon as the potential is reduced (by electrolytes) to a critical zone lying between 
about  -15 and + 15 millivolts, provided the cohesive force is unaffected; that is, 
the cohesive force then becomes relatively greater than the repelling force.  They 
have shown, in the case of unsensitized bacteria, that salt in high concentration 
(over 0.01 lq) reduces the cohesive force and, at the same time, narrows the critical 
potential agglutination zone; but that, in the case of sensitized  bacteria, such re- 
duction of cohesive force and of potential agglutination zone does not take  place. 
And they have found further that all electrolytes tested in low concentration (less 
than 0.01 to 0.1 1,  0  affect primarily the potential, while, in concentrations greater 
than this, the effect is principally on the cohesive force. 
As a  result  of preliminary observations,  we believed  that  specific 
bacterial agglutination might occur outside of the potential agglutina- 
tion  zone just  referred  to,  In  the  experiments reported  below  this 
possibility is demonstrated, and, in addition,  evidence is produced to 
indicate that specific agglutination may occur independently of charge 
reduction, and paradoxically, that immune agglutinating sera possess 
specific charge-reducing effects. 
Experimental Methods. 
Measurement of Potential.--The  potential  was  determined  from the rate of 
migration, with the Northrop micro cataphoresis cell (4).  The potential gradient 
was 4.23 volts per cm.  Calculation  of 1,.D. was made in  accordance with  the 
formula of Northrop  and  CuUen  (8).  Since  some doubt  exists regarding  the 
correctness of the Helmholtz-Lamb equation, from which this formula is derived, 
for the calculation of potential from migration rate,  I the results are given both in 
terms of millivolts and of observed migration velocity, in microns per second.  The 
technique followed was that recommended by Northrop with one exception.  The- 
oretically the cell is symmetrical, and when small particles are being cataphoresed, 
readings may be made in either the three upper or lower sixths.  Owing to unequal 
coating by serum and bacteria, and particularly by bacterial clumps, slight differ- 
ences between the two halves were sometimes noted;  ~  accordingly our readings were 
made at all six levels. 
1 Full discussion  of the reasons for this doubt is given by Northrop and Cullen 
(8), Northrop and De Kruif (5), and Winslow, Falk, and Caulfield (I0). 
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Buffers Used.--Glycocoll, sodium phosphate, sodium acetate  (G.P.A.)  mixture 
(5); citric acid-sodium phosphate mixture  (9). 
pH Delerminatlons.--These were done colorimetrically. 
Agglutination Methods.--The  macroscopic method was used.  The degree  of 
agglutination was indicated as follows: C.,  complete agglutination,  supernatant 
fluid clear; 3, marked granular appearance with beginning flocculation; 2, the same, 
without flocculation; 1, slight granular appearance to the naked eye;~ doubtful 
agglutination,  slightly granular with hand lens.  +  and  -  are used  to indicate 
intermediates between these.  In the text-figures, C. is indicated by a solid line, 
3 to 1 by an interrupted line, and no agglutination by a dotted line. 
Bacteria Used.--Type I, Type n, and Type IH pneumococcus; B. paratyphosus 
A and B; Diplococcus NY5, a streptococcus variant. 
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FIG.  I. Relationship of age of culture to charge on bacteria.  Upper  curve, 
Type I  pneumococcus; lower, B. paratyphosus B. 
Media.--Stock beef broth, buffered with sodium phosphate, pH  =  7.5. 
Age of Cultures.--Early in the experiments, it was found that the charge on the 
bacteria varied markedly from time to time,  and  that,  occasionally, there were 
slower and faster rates of migration at the same level in the cell.  The age of the 
culture was suspected of being the factor and investigation showed this to be the 
case.  The charge of bacteria was determined at different hours of growth, and 
was found to be low in young cultures, to reach a peak in 10 to 12 hours, and to 
drop to, and maintain,  a fairly constant level thereafter for 48 hours.  Once or 
twice mixed migration rates were observed in old cultures (24 to 48 hours).  Ac- 
cordingly 16 to 18 hour cultures were used in all experiments. 
Fig. 1 shows the relationship of growth to charge inthe cases of Type Ipneumo- 
coccus and B. paratyphosus B.  The bacteria were washed twice in distilled water 
and were then resuspended in distilled  water before the charge was determined. 
Washing of Bacteria.--All  bacteria used in  the experiments  were washed  two 
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EXPERIMENTAL  I~ESULTS. 
One of the objects of the investigation was to determine if specific 
agglutination could take place outside of the potential agglutination 
zone  referred  to  above.  Therefore,  a  high  initial  charge on  the 
bacteria was  desired.  Thoroughly  washed  bacteria,  suspended in 
distilled water,  carry a  relatively high  negative  charge  (20  to  50 
miUivolts).  Electrolytes, however,  are  essential  for  agglutination 
with  immune  serum (12);  but,  when  ordinary  salts,  in  sufficient 
concentration for the occurrence of flocculation, are used, they lower 
the charge on  the bacteria  to  -15 millivolts  or less  (i.e.  into  the 
zone  of  Northrop  and  De  Kruif).  However,  if  bacteria  are 
suspended  in  buffer mixtures  of  pH  6.0  to  8.0,  they have a  high 
charge, although the electrolytes present be relatively concentrated. 
Accordingly, buffer  mixtures  of  pH 7.0  and  7.6  were used  in the 
first group  of  experiments.  This choice was  advantageous  as  the 
pH  of  the  serum  falls  in  this  zone.  The  fact  that  the  buffer 
mixtures contained  phosphate was fortunate, as will be brought out 
below.  The total salt concentration was kept fairly low,  ~i/100  to 
•/200,  in order to minimize the depressing effect upon potential and 
cohesive force. 
In  the first group of experiments there are shown the effects  of 
normal and immune sera upon the potential and the agglutination of 
homologous and heterologous organisms. 
Fig. 2 shows the effect of normal serum and Type I  pneumococcus 
serum  8 upon Type I  pneumococcus.  It will be seen that both  sera 
depress the charge on the bacteria, but that the normal serum effect 
is only slight, while the specific serum reduces the charge in a  strik- 
ing  way.  Agglutination  by  the  immune  serum  was  complete  in 
dilutions  1:100,  1:200, and 1:400,  and was incomplete in  1:50 (pro- 
zone)  and  1:800.  The  prozone  effect was  noted in  other  experi- 
ments and is very interesting in view of the fact that the charge on 
the bacteria is in the potential agglutination zone of Northrop and 
De  Kruif.  It  will  be  noted further that  agglutination  took place 
in dilutions 1:100 to 1:400 although the charge on the bacteria was 
~Diagnostic serum  obtained  from  The  Rockefeller Institute  for  Medical 
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FIG. 2.  Effect of normal serum and  Type I  pneumococcus immune serum on 
potential and agglutination of Type I  pneumococcus. 
TABLE  I. 
Tke Time Factor in the Lowering of Charge on Bacteria by Immune Serum. 
Type I  pneumococcus serum  and  Type I  pneumococcus were used.  The 
mixtures of the bacteria were made in G. P. A. buffer, pH 7.6, total salt concentra- 
tion ~/200. 
Concentration of 
imrtlUlle serum. 
1:20 
1:40 
1:80 
1:160 
1:320 
None. 
Potential. 
Time of determination. 
Immediate.  At 2 hrs.  At 16 hrs. 
--11.1 
--12.8 
--14.4 
-- 19.5 
--28.4 
--29 1 
--11.3 
--12.9 
--15.1 
--18.9 
--28.5 
ftl~. 
-10.5 
-12.3 
-14.7 
-18.4 
-29.1 
well above -  15 millivolts.  The time factor in the lowering of charge 
was studied,  and it will be seen  from  Table I  that  the reduction is 
immediate,  and  that  the levels reached, in the different serum dilu- 
tions, were maintained for the duration of the experiment (16 hours). 
All immediate determinations were done in the space of 2 to 4 minutes 458  STUDIES IN AGGLUTINATION.  II 
after the mixtures were made; in one case, readings were started with- 
in  16  seconds.  No  difficulty  was  experienced  in  determining  the 
velocity of  clumped  bacteria  (in  late  readings),  provided  that  the 
suspensions were well shaken and  that  the lowest levels were taken 
first; that is, before settling in the cell had taken place. 
Fig.  3  shows the  effect of specific immune  serum* upon Bacillus 
paratyphosus A.  The findings are essentially the same as noted above. 
Two  points  are  worthy  of  note:  (1)  the  charge-reducing  effect of 
normal  serum  disappeared  at  about  l:l,000  dilution,  but  was  still 
present in  the immune  serum  above a  dilution  of 1:6,400;  and  (2) 
almost complete agglutination (C.-) occurred at a  dilution of 1:12,- 
800, although  the charge on the bacteria was as high as that of  the 
organisms  untreated  with  serum.  In  other  words,  it  would  seem 
that  we  have  here  specific  agglutination  occurring  independently 
of reduction of charge.  This experiment was repeated with dialyzed 
sera#  The results were essentially the same  (Fig.  3),  although  the 
general level of charge reduction was higher  than in the experiment 
with electrolyte present.  As was to be expected,  agglutination  with 
the immune serum, even in the 1:50 dilution, did not  take place, in 
view of the absence of electrolyte. 6  A similar experiment with NaC1, 
M/I4 (0.45 per cent), showed similar differences between the immune 
and normal serum effects, although  here all charges were  low,  -14 
millivolts or less, as a result of the high salt concentration. 
The specificity of the reaction was now tested.  Fig.  4 shows  the 
effect of Type I pneumococcus immune serum, and of normal  serum, 
upon Type I, Type II,  and Type III pneumococcus.  The  striking 
difference between the specific and the normal serum effects upon the 
Type I organismis shown in the upper curves (A).  The lower curves, 
(B, C) show that the Type I  serum acts essentially as normal serum 
in the case of Type II and Type III pneumococcus.  Type I  serum 
4  Immune rabbit serum, agglutination titer 1  : 25,000. 
5  The sera were dialyzed in collodion sacs 3 days against running tap water and 
2 days against distilled water. 
Northrop and De Kruif (6) studying dialyzed serum observed similar absence 
of agglutination.  It  is interesting to note that their curves in this experiment 
show differences between  the  charge-reducing effect of  normal  and  immune 
sera comparable to those obtained by us. GERALD  S.  SHIBLEY  459 
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FIG. 4.  Effect  of normal serum and Type I  pneumococcus immune serum on 
agglutination and potential of Type I, Type II, and Type III pneumococcus. 
TABLE II. 
Cttarge-Reducing  Effect  of  Type  I  P~umococcus Serum and  of Diplococcus  NY5 
Serum on Diplococcus NY5, and Pneumococcus I. 
Experiment with G. P. A. buffer, pH 7.6, •/200. 
Serum.  Bacteria.  Potential.  Agglutination, 
Type I pneumococcus, 1: 40. 
"  "  "  1:40. 
Diplococcus NYS,  1:40. 
"  "  1:40. 
Pneumococcus I. 
Diplococcus NY5. 
Pneumococcus I. 
ml). 
--13.4 
--28.9 
-7.0 
36.2 
1+* 
C. 
* This is in the prozone; complete agglutination  occurred in higher dilutions. GERALD  S.  SHIBLEY  461 
was also tested against Diplococcus NY5  (Table II),  and it will be 
seen  that  it  acts  like  normal  serum,  while  the  specific diplococcus 
serum  reduces  the  charge  markedly.  These  results  indicate  that 
the charge-reducing effects observed are highly specific. 
The next experiment shows that this charge-reducing effect is prob- 
ably a  property of immune  serum,  provided only,  that  such serum 
possesses agglutinating power.  Guinea pig serum which was highly 
protective for guinea pigs against Type I pneumococcus (0.5 cc. pro- 
tected against  1,000,000 lethal doses), but which did not agglutinate 
this  organism,  was  tested  with  Type  I  pneumococcus.  Table  III 
shows that this serum lowers the charge on the bacteria only to about 
TABLE  III. 
Ckarge-Reducing Effect of Non-A gglutinating, Protective Serum. 
Type I pneumococcus  immune guinea pig serum used with Type I pneumococcus. 
0.5 cc. serum protected  a guinea pig against  1,000,000 lethal  doses but had no 
agglutinating power.  Experiment with G. P. A. buffer, pH 7.6, ~t/200. 
Serum.  P.D. 
Normal, guinea pig, 1:20. 
Immune,  "  "  1:20. 
None. 
Immune, horse (agglutinating). 
Agglutination. 
--27.8 
-26.0 
--33.1 
--11.1  [  1+* 
* This is in the prozone; complete agglutination  occurred at higher dilutions. 
the same degree as normal guinea pig serum.  The marked  charge- 
reducing effect of specific agglutinating serum, in the same dilution, is 
shown  for  comparison. 
The  close relationship  between  the  agglutinin  of immune  serum 
and  its  charge-reducing  effect  is  clearly  demonstrated  in  Fig.  5. 
The  charge-reducing  effects  of  specific  agglutinating  sera,  Type  I 
pneumococcus and Bacillus paratyphosus A, and of normal serum, were 
determined  first.  The immune  sera were then  adsorbed with  their 
homologous organisms in the usual way.  These adsorbed sera, now 
deficient in agglutinating power, were again tested, and it was found 
that their previous marked reducing effect had disappeared, and that 
they behaved in a  fashion similar to that of normal serum.  A  con- 
trol experiment with Bacillus paratyphosus A serum, in which adsorp- 462  STUDIES IN AGGLUTINATION.  II 
tion was done with the heterologous organism, Bacillus paratyphosus 
B, failed to show a similar loss of the charge-redudng effect. 
The fact that immune agglutinating sera possess this specific charge- 
reducing power suggests that the effect may have practical diagnostic 
value.  This would be true especially in the case of autoaggludnating 
and so called inagglutinable bacteria.  We plan to study this aspect 
of the problem in the near future. 
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FIG. 5. Effect of adsorption of agglutinin on the charge-reducing  effect of Type 
I pneumococcus  and B. paratyphosus A immune sera.  In the case of the former, 
the normal serum effect  is shown as a control; in the latter the normal serum effect 
disappears at the dilutions tested. 
From the foregoing experiments, it is clear that specific agglutina- 
tion may take place when the charge on the bacteria is well over a 
value of  -15  millivolts.  This is  not in keeping with the  results, 
detailed above,  of Northrop  and  De  Kruif.  At  the  suggestion of 
Dr.  Northrop,  we repeated  some of  his  experiments  (6)  with the 
hope of finding that the potential agglutination zone had been widened 
by the immune serumJ  The experiments were carried out with a 
7  This possibility  was suspected from studies Dr. Northrop then had under way, 
in which  it was observed that specific, agglutinating,  red blood cell serum markedly 
widens the potential agglutination zone of red blood ceils (13). GERALD  S.  SHIBLEY  463 
constant  serum  dilution  (Bacillus  paratyphosus  A  serum,  1:2,000), 
and  the  electrolyte  concentration  was  varied;  NaC1,  ZnSO4,  and 
CeCI8 were used.  Fig. 7 shows the ZnSO, curve.  Our results showed 
that  the  potential  zone  was  not  widened,  complete  agglutination 
occurring only when the potential fell to a  value below  -15  milli- 
volts.  These findings confirm the results of Northrop and De Kruif. 
In an effort to explain the opposing results, buffer mixtures (G.P.A.), 
of  varying pH,  were  now substituted  in  the  experiment  (Fig.  6), 
and, with immune serum, agglutination was obtained again  at values 
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FIC. 6. Effect  of pH on agglutination and potential of B. paratyphosus A, 
treated with 1:2,000 normal and immune serum.  Concentration  of buffer mix- 
tures was M/200. 
over --15 millivolts,  -36  millivolts at the upper limit of the experi- 
ment.  The normal serum curve shows agglutination taking place as 
soon as the potential falls below  -15  miltivolts  (acid agglutination 
zone).  Results,  similar  to  these,  were  obtained  with  the  sodium 
phosphate-citric acid buffer. 
Sodium phosphate was the only salt common to the  two  buffers. 
Accordingly, the experiment was repeated with this electrolyte alone. 
Fig. 7 shows the results.  It will be seen that this salt behaves quite 
differently from NaC1,  ZnSO,,  and  CeCI8  (in our experiments)  and 464  STUDIES  IN AGGLUTINATION.  II 
from the salts used by Northrop  and De Kruif (6).  In the  case of 
all  these  salts,  agglutination  takes  place  only  when  the  potential 
falls  below  -15  millivolts;  while,  with  Na2HPO4,  agglutination 
occurs  as high  above  this  critical value as  -34.6 millivolts.  This 
charge  was approximately  that  on  the  bacteria  in  distilled  water, 
without serum, and is an additional point in favor of the  assumption 
that  specific agglutination  may take place independently  of charge 
reduction.  The effect of ZnSO4 is shown in Fig.  7 for  comparison. 
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FIG. 7. Effect of concentration  of Na2HPO4 and  of ZnSO4 on potential  and 
agglutination of B.  paratyphosus  A, treated with specific serum, 1:2,000.  Charge 
on bacteria in distilled water in the case of the former was 34.0 millivolts. 
The  reason for the different  behavior  of these salts may lie in  the 
fact that the high pH of the phosphate solutions (7.4 to 7.9  in  dilu- 
tions in which agglutination occurred) acts to maintain a high charge, 
while the electrolyte is concentrated enough to permit agglutination. 
An  experiment  similar  to  the  preceding,  with  NaHCO~,  in  which 
agglutination was complete up to a charge of  -22.8 millivolts, bears 
out this possibility.  We are planning  further  studies in this  aspect 
of the problem. GERALD  S.  SHIBLEY  465 
SUMMARY  AND  CONCLUSIONS. 
1.  The effect of immune serum upon the electrical charge on bac- 
teria has been studied. 
2.  Immune  agglutinating  serum  possesses  a  specificcharge-re- 
ducing  effect which is  quantitatively  related  to  the  agglutination 
titer of the serum.  This effect is lost when the serum loses its agglu- 
tinating power, that is after adsorption of agglutinin by homologous 
bacteria; adsorption by heterologous organisms does not affect this 
property. 
3.  A highly protective, non-agglutinating serum did not show this 
specific charge-reducing effect. 
4.  It is suggested that the reaction may have practical diagnostic 
application. 
5.  The findings of Northrop and De Kruif, that unsensitized and 
sensitized bacteria agglutinate only when the charge on the bacteria 
has been reduced to a critical potential zone lying between  +15  and 
-15  millivolts, have been confirmed in  the case of all  electrolytes 
tested  except Na~HPO4. 
6.  When Na2HP04 or phosphate buffer solutions are used as elec- 
trolytes, specific bacterial agglutination occurs at  negative charges 
well above -15  millivolts, and with serum in high dilution, specific 
agglutination takes place without any observable reduction of charge. 
The writer wishes to express his indebtedness to Dr.  J. H. North- 
rop, of The Rockefeller Institute for Medical Research, for many valu- 
able suggestions in the course of the investigation. 
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